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While I must a h i t  t o  some personal bias i n  t he  m 8 . t . t . e ~ ~  it. seezs f a i r  tc 
claim t h a t  no s c i e n t i f i c  or technological area could be of grea te r  importance 
t o  our country's  space program than that of propulsion. Throughout t h e  f irst  
4 years of t h i s  program, as, indeed, throughout t h e  half  century of av ia t ion  
t h a t  preceded it, advancements i n  f l i gh t  capab i l i t y  have always been paced and 
determined by advancements i n  propulsion. 
Further, it i s  c l ea r  t h a t  a l l  of our fu tu re  space missions stand at t h e  
very f r o n t i e r s  of our technology. What can be done i n  space and when it can 
be done i s  s t rongly dependent on how fas t  new knowledge can be accumulated and 
how e f fec t ive ly  t h i s  knowledge can be t rans la ted  i n t o  hardware t h a t  works. 
The press of time schedules and t h e  urgency with which w e  reach toward ever 
more d i f f i c u l t  missions has a l s o  imposed a high degree of overlapping, and even 
concurrency, among applied research on new problems, on hardware development, 
and on qua l i f i ca t ion  of t h i s  hardware f o r  f l i g h t .  It i s  therefore  both f i t t i n g  
and necessary t o  survey fu ture  mission requirements periodically,  t o  def ine 
optimum or most useful  systems f o r  various types of missions, and t o  i s o l a t e  
t h e  c r i t i c a l  problem areas  requiring timely e f fo r t .  
Propulsion systems current ly  under development are aimed at providing 
l a rge r  payload weights i n  Earth orb i t ,  sending s c i e n t i f i c  probes t o  t h e  nearby 
planets, and sending a b r i e f  expedition of men t o  t h e  Moon and return.  Building ' 
upon t h i s  base, it i s  per t inent  t o  examine t h e  types of upper stages that might 
be added t o  our la rge  boosters t o  carry out more energetic and sophis t icated 
s c i e n t i f i c  missions and t o  extend t h e  payload capab i l i t i e s  of manned lunar  m i s -  
sions. 
Possible s c i e n t i f i c  missions of importance i n  t h e  near fu tu re  and that a r e  
beyond our present capab i l i t i e s  a r e  those of so l a r  probes and planetary orb i te rs .  
F l igh t s  out of t h e  plane of t h e  ec l ip t i c  might a l s o  be added. 
probe and t h e  f l i g h t  out of t h e  ec l ip t i c  are characterized by very high t o t a l -  
energy requirement s, while a space propulsion system f o r  a planetary o rb i t e r  
must be capable of l i v ing  and operating i n  t h e  unique conditions of a space 
environment f o r  extended periods of time. Meteoroids, ionizing radiation, 
extreme thermal loads, and zero gravi ty  a r e  among these  unique conditions of a 
space environment. 
Both t h e  so l a r  
A brief survey of t h e  energy requirements f o r  such s c i e n t i f i c  missions is  
presented i n  f igure  1. Total  mission veloci ty  increment i s  p lo t ted  against  t h e  
per ihel ion dis tance of a so la r  probe w i t h  t h e  two horizontal  dashed l i n e s  in-  
d ica t ing  t h e  requirements of a planetary probe and a planetary orb i te r .  Gravity 
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and drag losses  are included i n  these  numbers. 
so l a r  probe are, of course, strongly dependent upon how closely one wishes t o  
approach t h e  sun, with primary at tent ion here being directed t o  a dis tance of 
around 0.2 astronomical un i t .  
s c i e n t i f i c  i n t e re s t  and near  t h e  l imi t s  imposed by thermal loads. 
The energy requirements of a 
Such a distance i s  i n  t h e  region of l a rge  
A t  t h i s  point, a t o t a l  mission velocity increment of 59,000 feet per second 
i s  indfcated, which would, incidentally, exceed t h e  energy requirements f o r  es- 
cape from t h e  so l a r  system; this t o t a l  energy would a l s o  be capable of propel- 
L i n g  a probe at an angle of 25" out o f t h e  ec l ip t i c .  
of t h e  planetary probes are considerably less, with t h e  o rb i t e r  requiring a 
ve loc i ty  increment of about 7400 f e e t  per second above t h e  42,000 feet per  
second necessary f o r  a 220-day t r i p  t o  Mars. A n  upper s tage of possible  
in t e re s t  i n  a so la r  probe is  t h a t  of a kick s tage atop an A t l a s  Centaur. For 
t h i s  event, t h e  s tage ve loc i ty  increment i s  about 23,000 feet per  second. We 
might therefore  consider one s tage of t h i s  ve loc i ty  increment t h a t  could be 
mated t o  A t l a s  Centaur and another stage of about one-third t h i s  ve loc i ty  incre- 
ment, which must be capable of "l iving" i n  t h e  space environment. 
The energy requirements 
The high ve loc i ty  increment of t h e  so la r  probe and t h e  absence of t h e  re -  
quirement t o  l i v e  i n  t h e  space environment f o r  extended periods of time c l ea r ly  
suggests t h e  use of high-energy propellants What might such s tages  look l i k e ?  
A schematic inboard p r o f i l e  of two such stages is  presented i n  f i gu re  2. To 
t h e  left  i s  shown a pumped hydrogen-oxygen s tage and t o  t h e  r ight ,  a pressurized 
hydrogen-fluorine stage. 
sure of 300 pounds per  square inch and an expansion r a t i o  of 60 f o r  t h e  hydrogen- 
oxygen stage, which can produce an impulse of 430 seconds. 
hydrogen-fluorine stage, t h e  chamber pressure is  assumed t o  be 60 pounds per  
square inch and t h e  expansion r a t i o  i s  reduced t o  40 f o r  obvious reasons. 
resu l t ing  impulse of t h i s  hydrogen-fluorine s tage i s  about 442 seconds. For 
both configurations, nonintegrated, spherical  tanks are assumed. Although 
to ro ida l  or clustered tankage arrangements would permit reduct ions i n  s tage 
length, t h e  s ing le  spherical  tanks provide important reduct ions i n  s t r u c t u r a l  
weight and avoid d i f f i c u l t  sumping problems. 
Pr incipal  performance assumptions are a chamber pres- 
For t h e  pressurized 
The 
Pr inc ipa l  configuration differences between these  t w o  stages a r e  t h e  s i z e  
of t h e  f u e l  tank and t h e  la rger  engine of t h e  low-pressure hydrogen-fluorine 
system. Because t h e  f luor ine  engine operates at a mixture r a t i o  of 11.5 as 
compared with 5.0 f o r  t h e  hydrogen-oxygen engine, only about half as much 
hydrogen f u e l  volume i s  required. Interest ingly enough, t h e  dry weight of 
both s tages  tu rns  out t o  be about t h e  same, with the heavier pressurizat ion 
system, tanks, and engine of t h e  hydrogen-fluorine system being j u s t  about 
of fse t  by t h e  heavier structure,  greater insulation, and, addi t iona l  f u e l  neces 
sary t o  replace boiloff losses  of t h e  hydrogen-oxygen stage. If one assumes 
aluminum fie1 and oxidant tanks, a Hylas-type pressurizat ion system, and a 25- 
percent weight contingency, a dry weight of s l i g h t l y  l e s s  than 500 pounds i s  
obtained. The hydrogen-oxygen s tage requires a l i t t l e  more propellant because 
of t h e  s l i g h t l y  lower impulse, but both type of stages a r e  i n  t h e  4200-pound- 
gross-weight c l a s s  and it i s  possible t o  specify an engine th rus t  of a l i t t l e  
over 2000 pounds f o r  both systems. 
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The payload that may be placed at various per ihel ion dis tances  i s  shown 
f o r  four  d i f fe ren t  stages i n  f igure  3: t h e  pressurized hydrogen-fluorine and 
pumped hydrogen-oxygen stages previously i l l u s t r a t e d  and, i n  addi t  ion, a 
pumped hydrogen-fluorine and a pressurized Earth s torab le  stage. Clearly, t h e  
s torab le  propellant stage, with an impulse of about 300 seconds, i s  not s u i t -  
b l e  f o r  such an energetic mission a s  the so la r  probe. 
f luor ine  stage, with an impulse of 455 seconds and a somewhat b e t t e r  mass 
fract ion,  i s  b e t t e r  than e i the r  of t h e  other two stages, but not enough be t t e r ,  
i n  my opinion, t o  j u s t i f y  t h e  very considerable technological problems of pwrp- 
ing fluorine.  We may thus reduce our consideration f o r  t h i s  mission t o  e i t h e r  
t h e  pumped hydrogen-oxygen stage or the  mechanically simpler but technologi- 
c a l l y  more advanced pressurized hydrogen-fluorine stage. I n  e i t h e r  case, a 
payload of approximately 400 pounds i s  possible on an Atlas-Centaur booster, 
ce r t a in ly  i n  t h e  region of p rac t i ca l  scient i f  i c  i n t e re s t .  
The pumped hydrogen- 
A se lec t ion  between these two stages must therefore  be made on some b a s i s  
other than performance if t h i s  i s  t h e  only mission considered. L e t  us there-  
f o r e  consider t h e  s u i t a b i l i t y  of these stages f o r  t h e  planetary o rb i t e r  mission, 
i n  which t h e  energy requirements are much less ,  but i n  which surv ivabi l i ty  i n  
t h e  space environment i s  more important. A basic  concept h e r e  would be t o  t r y  
t o  avoid t h e  development of different.,  optimum stages f o r  each mission, but t o  
modify t h e  stages appropriately as required. Accordingly, some 2 inches of 
f o i l  insulat ion was added t o  t h e  propellant tanks and a meteoroid bumper was 
added outside t h e  s t r u c t u r a l  frames and ins ide  t h e  inner stage. 
assumed that t h e  meteoroid bumper would consist  of a honeyconib s t ruc tu re  with 
a bumper f ac to r  of 5 and that; 90 percent of i t s  weight would be je t t i soned  
p r i o r  t o  inser t ion  i n t o  t h e  planetary orbit .  
It was 
It is possible t o  place e i the r  of these stages i n t o  t h e  planetary t r ans -  
fe r  t r a j e c t o r y  by a Saturn C-1B Centaur booster combination. Although t h e  
smaller fuel  tank of t h e  hydrogen-fluorine system r e h c e s  t h e  t o t a l  weight 
chargeable t o  insulation, boi loff ,  and meteoroid protect  ion t o  about half  
that of t h e  hydrogen-oxygen stage, t h e  fac t  t h a t  t h e  meteoroid sh ie ld  is j e t t i -  
soned p r i o r  t o  t h e  o r b i t a l  maneuver reduces t h e  e f f ec t  of t h i s  weight d i f f e r -  
ence on t h e  payload. A s  a resu l t ,  as shown i n  f igu re  4, t h e  t o t a l  payload 
t h a t  i s  placed in to  o rb i t  is  only about 10 percent grea te r  f o r  t h e  hydrogen- 
f luor ine  system than f o r  t h e  pumped hydrogen-oxygen system. 
Also included i n  t h i s  f i gu re  is  the possible  performance of a pressurized 
Earth-storable s tage designed spec i f ica l ly  f o r  t h i s  mission. 
ve loc i ty  increment of t h i s  mission c lear ly  does not capture t h e  basic  advantage 
of t h e  high-energy propellants,  with the r e su l t  t h a t  t h e  
s torab le  systan i s  admittedly competitive. It would, of course, have t o  be 
spec i f i ca l ly  designed f o r  t h i s  mission and t h e  important advantage of develop- 
ing e s sen t i a l ly  one s tage f o r  both t h i s  and t h e  more energetic missions would 
be  lo s t .  
The qu i t e  low 
simpler Earth- 
All of these  r e su l t s  are, as indicated, f o r  a Whipple meteoroid f lux  
densi ty  and a survival  probabi l i ty  of 90 percent. It is  possibly of in te res t ,  
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then, t o  look at t h e  e f f ec t s  of varying t h i s  meteoroid protect ion c r i t e r i o n  
on t h e  payload charac te r i s t ics  of  t h e  two high-energy stages; t h i s  is done i n  
f igu re  5, where t h e  surv ivabi l i ty  c r i t e r ion  i s  increased t o  99 percent. A l -  
though t h i s  more conservat.ive a s smpt  ion penalizes t h e  hydrogen-oxygen system 
more than it does t h e  denser f luor ine  stage, t h e  payload results are s t i l l  
within 20 percent of each other. A l so  included i n  t h i s  f i gu re  i s  t h e  perform- 
ance of a much higher densi ty  and moderate impulse system, here typ i f i ed  by 
hydrazine and f luor ine  with an impulse of about 390 seconds. For t h i s  par- 
t i c u l a r  mission, densi ty  and impulse pay off on near ly  equal terms with t h e  
r e su l t  that t h e  two f luor ine  oxidized systems have about equal payload capa- 
b i l i t i e s .  O f  course, t h e  lower impulse of t h e  hydrazine-fluorine system 
would place it at a s ignif icant  disadvantage f o r  t h e  more energetic missions 
previously mentioned. 
A choice among these  propellant combinations, at least f o r  t h i s  range of 
missions, therefore  depends upon how one evaluates t h e  importance of a 10 t o  
20 percent performance gain and compares t h e  mechanically and operat iona l ly  
simpler pressurized f luor ine  s tage with t h e  more readi ly  ava i lab le  and growing 
technology available f o r  hydrogen-oxygen systems. While many years of re- 
search on t h e  hydrogen-fluorine system have c l ea r ly  established i t s  f i n e  per- 
formance, cooling, ignit ion,  and s t a b i l i t y  charac te r i s t ics ,  many new problems 
and hazards re la ted  t o  tox ic i ty ,  logis t ics ,  and materials compatibil i ty are 
introduced. On t h e  other hand, i f  a hydrogen-fluorine technology is  deemed 
des i rab le  f o r  other fu ture  missions that are not present ly  defined, t h i s  
seems a good place t o  start - that is, with a s m a l l  pressurized system - 
ra ther  than  t o  i n i t i a t e  a f luor ine  application f o r  a manned space f l i g h t  
system, f o r  la rger  stages, or f o r  a more d i f f i c u l t  pumped system. 
O f  possible  in t e re s t  t o  other system or mission appl icat ions is  t h e  use 
of f luo r ine  as an addi t ive t o  t h e  oxygen of a hydrogen-oxygen system. Such 
an additive, or mixed oxidizer, may prove bene f i c i a l  i n  s i t ua t ions  i n  which 
a performance gain of a few percent. i s  c r i t i ca l ;  f luor ine  addi t ions t o  oxygen 
may a l s o  be  expected t o  improve combustion s t a b i l i t y ,  pa r t i cu la r ly  i n  th ro t -  
t l e a b l e  systems, will improve propellant bulk density, and w i l l  be shown 
later herein t o  render hydrogen and oxygen hypergolic. Further work t o  def ine 
both t h e  d i f f i c u l t i e s  and t h e  performance and operational benef i t s  of f l uo r ine  
addi t  ions t o  oxygen seems jus t  i f  ied. 
Let us now tu rn  our a t t en t ion  t o  t h e  appl icat ion of cryogenic propel lants  
t o  some poss ib le  near-future manned missions. 
here is  t h e  growth of mission capabi l i ty  that hydrogen-oxygen propellants may 
af ford  t o  t h e  present lunar orb i t  rendezvous type of Apollo mission. With t h e  
se lec t ion  of t h i s  mission mode being based l a rge ly  on t h e  judgment that t h e  
advantages of a small landing vehicle  and t h e  use of Earth-storable propel- 
l a n t s  on t h e  moon w i l l  outweigh t h e  operational complexities of lunar  rendez- 
vous, a most appropriate method of increasing t h i s  mission capabi l i ty  is t o  
subs t i t u t e  cryogenic propellants f o r  the present st orable propellant system . 
i n  t h e  serv ice  module. 
A possible  area of i n t e re s t  
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A general  idea of what such a stage might look l i k e  i s  presented i n  f i g -  
ure  6. 
pressurized system. 
difference between t h e  two systems i s  the much l a rge r  engine required f o r  t h e  
low-pressure, pressurized system. The fac tors  influencing t h e  choice of pres- 
sure  level w i l l  be i l l u s t r a t e d  la te r ;  it w i l l  su f f i ce  t o  note here that an 
expansion r a t i o  of 40 i s  shown f o r  t h e  pressurized system and 60 for t h e  
pumped system. In  both systems an  engine th rus t  l e v e l  of about 15,000 pounds 
was chosen. Although t h e  ~ ~ e r a l l  length of t h e  pressurized system could 
ce r t a in ly  be reduced by t h e  use of to ro ida l  or clustered tanks grouped around 
the l a rge  engine, the arrangement shown was chosen f o r  preliminary perform- 
ance analyses because of s t ruc tu ra l  weight advantages and much simpler sumping 
problems. 
diameter, which f i t s  e a s i l y  within t h e  chosen envelope. The loads are car r ied  
through an external  honeycomb structure,  which was found t o  be no heavier than  
an arrangement i n  which t h e  loads are carr ied through t h e  tank; t h i s  ex terna l  
s t ruc ture  a l s o  provides adequate meteoroid protect ion f o r  t h e  assumed 10-day 
exposure t i m e .  
Two arrangements a r e  shown, one f o r  a pumped system and one f o r  a 
A s  far as outward appearances are concerned, t h e  major 
The f u e l  i s  thus contained in  a sphere approximately 13 feet i n  
The importance of t h e  pressure leve l  assumed f o r  t h e  pressurized system 
on i t s  payload capab i l i t i e s  is  shown i n  f i gu re  7, with t h e  payload being con- 
sidered as t h e  useful  weight placed i n  lunar orb i t .  
payload capabi l i ty  of t h e  pumped hydrogen-oxygen system. 
r e l a t i v e  t o  t h e  value computed on a comparable base f o r  a pressurized Earth- 
s torab le  propellant service module. Because t h e  engine weight savings at 
higher pressures a r e  almost negligible, t h e  payload varies almost l i n e a r l y  
with chamber pressure through i t s  effects  on pressurizat ion system and tank 
weights. It is  therefore  necessary t o  use ra ther  low chamber pressures f o r  
t h e  pressurized system i f  it i s  t o  compete on a performance bas is  with a 
pumped system. A su i t ab le  choice might be a chamber pressure of 60 pounds 
per  square inch ( t h i s  system does not have t o  be th ro t t l eab le )  and a tank 
pressure of about 110 pounds per square inch, which should be adequate f o r  
a regeneratively cooled engine. The pumped system is  superior i n  payload 
capabi l i ty  t o  t h e  pressurized system even at  t h e  lowest chamber pressures 
because of i t s  s l i g h t l y  higher impulse and most pa r t i cu la r ly  because of t h e  
much smaller weight of pressurizat ion equipment and propellant tanks. It 
should a l s o  be noted that aluminum tanks were assumed because of t h e i r  b e t t e r  
known cha rac t e r i s t i c s  at liquid-hydrogen temperatures and t h e  pressurizat ion 
systems assumed were a topping system f o r  t h e  pumped engine and a Hylas 
system f o r  t h e  pressurized case. 
Also included i s  t h e  
Both systems are 
With either system, the use of cryogenic propel lants  i n  t h i s  service 
module may provide a payload gain of 20 t o  25 percent. 
s t rongly tempted t o  prefer  t h e  pumped engine system because of i t s  somewhat 
superior performance, shorter  overa l l  length, and t h e  well-developed s t a t u s  
of t h e  present RL-10 engine. However, a rapid start capabi l i ty  of  t h i s  
system is  a l s o  required fo r  some abort maneuvers t h a t  may prove d i f f i c u l t  t o  
achieve with a pumped system. 
One is, perhaps, 
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An addi t ional  fac tor  of some importance, pa r t i cu la r ly  t o  a pressurized 
system, i s  whether t he  combustion chamber should be regeneratively or abla- 
t i v e l y  cooled. 
ab la t ive ly  cooled chambers, par t icu lar ly  for hydrogen-oxygen propellants,  
because of their  extensive technological background, excellent cooling charac- 
t e r i s t i c s ,  and a b i l i t y  t o  properly condition t h e  propellant f o r  stable com- 
bustion. &datively cooled chambers, on the  other hand, have several 
advantages i n  terms of t h e i r  simplicity of construction, ruggedness, reduced 
pressure requirements, and possibly re&xed s t a r tup  and shutdo-i  t rans ien ts .  
Much work remains t o  be done, however, t o  achieve a high performance l e v e l  
and long burning duration in  t h e  same chamber. Because a high combustion 
eff ic iency implies a high bulk gas temperature, a high impulse l e v e l  i s  
bas i ca l ly  incompatible w i t h  a long f i r i ng  duration. T h i s  s i t ua t ion  i s  i l l u s -  
t r a t e d  i n  f igu re  8, i n  which t h e  charac te r i s t ic  ve loc i ty  eff ic iency is p lo t ted  
against  f i r i n g  duration. The curve of t h i s  f igu re  represents t he  r e s u l t  of 
an ana ly t i ca l  model of t he  ab la t ive  process. Although t h i s  calculat ion i s  
ideal ized i n  t h e  sense that it does not account f o r  uneven ablation, it i s  
c l ea r  that a long f i r i n g  duration, such as the 800 seconds indicated f o r  our 
present application, can be obtained only at f a i r l y  low chamber pressures 
and at a r e l a t i v e l y  low l e v e l  of performance. The shaded area t o  t h e  l e f t  
of this curve indicates  t h e  general region of current experience. The upper 
dashed curve i l l u s t r a t e s  t h e  region of performance and duration reported i n  
the unclassif ied l i t e r a t u r e  f o r  s m a l l  rockets u t i l i z i n g  tungsten th roa t  in-  
serts. These resu l t s ,  though promising, are f o r  very s m a l l  engines and must 
be considered ten ta t ive .  Obviously, much work remains t o  be done on spec ia l  
t h roa t  inser t s ,  i n  t h e  search f o r  be t te r  materials, on new fabr ica t ion  
processes, and in  the accumulation of adequate s t a t i s t i c a l  data before abla- 
t ive chambers can be e f fec t ive ly  u t i l i zed  i n  long-burning space propulsion 
systems. 
Regeneratively cooled chambers may be considered superior t o  
Space propulsion systems must operat e not only fer extended f i r i n g  
durations but a l s o  over several  cycles of operation between which they  are 
exposed t o  t he  space environment. An area of possible concern w i t h  ab la t ing  
materials is  therefore  t h e  tendency f o r  t he  res ins  i n  t h e  ab la t ive  material 
t o  decompose and vaporize at low pressure while s t i l l  hot following a f i r i n g  
period. The res ins  i n  many proposed ablat ive mater ia ls  start t o  decompose 
at 300' or 400' F and could possibly vo la t i l i ze  at high r a t e s  u n t i l  cooled 
below t h e i r  decomposition temperatures. Some decomposition gases from t h e  
ab la t ive  r e s ins  could a l so  be  trapped beneath the char layer  and cause addi- 
t i o n a l  spal l ing of mater ia l  when exposed t o  vacuum. 
I n  order t o  provide some preliminary answers t o  these  questions, s imi la r  
ab la t ive  rocket engines composed of phenolic high-purity s i l i c a 1  f i b e r s  were 
a l t e r n a t i v e l y  exposed after f i r i n g  ei ther  t o  a low-pressure environment of 
about 10 millimeters of mercury or t o  atmospheric pressure. The conditions 
of t h e  tests were a l s o  such that t h e  ablat ive material cooled t o  approxi- 
mately 170p F pr io r  t o  exposure t o  t h e  low-pressure environment. Although 
t h i s  temperature i s  w e l l  above t h e  decomposition temperature of t h e  ablator ,  
it i s  not ce r t a in  t h a t  similar r e su l t s  would be obtained under more severe, 
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and more r e a l i s t i c ,  conditions of temperature and pressure. The results,  
p lo t t ed  i n  f igure  9 i n  terms of weight l o s s  against  accumulated running time, 
are presented i n  t h i s  preliminary form t o  ind ica te  current s t a t u s  of t h e  work 
and t o  encourage fur ther  investigation. A s  noted i n  f igu re  9, very similar 
r e s u l t s  were obtained f o r  both conditions, which indicates  that t h e r e  was no 
s igni f icant  e f fec t  on t h e  ab la t ive  material  due t o  t h e  low-pressure cooling. 
X-ray photographs of t h e  char depths and measurements of t h e  extent of eroded 
material a l s o  were very similar f o r  the two conditions of exposure. 
An essen t i a l  requirement of any space propulsion system i s  r e l i a b l e  
igni t ion.  In t h i s  respect, t h e  hydrogen-oxygen propellant combination is  at 
a disadvantage c e q a r e d  with t h e  h2Pergolic Earth-storable or f luor ine  combi- 
nations. Considerable e f fo r t  has therefore been devoted e i t h e r  t o  achieving 
reliable ign i t ion  systems or t o  finding addi t ives  or ca ta lys t s  t h a t  may 
render t h e  hydrogen-oxygen combination hypergolic. With regard t o  t h e  lat ter 
method, some evidence exists t h a t  palladium alumina may be  a su i t ab le  cata- 
l y s t ,  but present information is too  fragmentary t o  permit useful conclusions. 
Additives s o  far investigated relate t o  t h e  addi t ion of e i t h e r  ozone bi-  
f luor ide  or f luor ine  t o  t h e  oxygen. To date, it has been found that t h e  
addi t ion of ozone b i f luor ide  up t o  nearly i t s  s o l u b i l i t y  l i m i t  of 0.1 percent 
can provide hypergolic ignit ion,  but with delay times that  are t o o  e r r a t i c  t o  
be considered sa t i s fac tory .  
can, of course, provide r e l i a b l e  hypergolic igni t ion,  but just w h a t  i s  a 
su f f i c i en t  quant i ty  is, of course, t h e  cent ra l  question. 
The addition of su f f i c i en t  f l uo r ine  t o  t h e  oxygen 
Some t e s t  r e s u l t s  t h a t  def ine t h i s  quant i ty  of f luo r ine  required f o r  
hypergolic ign i t ion  are presented i n  figure 10. 
against  the  percentage of f luor ine  i n  the oxygen f o r  two d i f fe ren t  i n j ec to r s  
and two hydrogen temperatures. 
short  and reproducible ign i t ion  delay times were possible  only f o r  f luor ine  
addi t ions of 30 percent or more. With colder hydrogex or with a showerhead 
injector ,  s ign i f i can t ly  l a rge r  proportions of f luo r ine  were required. In any 
event, w h i l e  f luor ine  addi t ives  w i l l  render t h e  hydrogen-oxygen system 
hypergolic, t h e  amounts of f luor ine  required a r e  r e a l l y  too  l a rge  t o  j u s t i f y  
t h e  term "additive. I' 
Igni t ion delay time is  p lo t ted  
With a s w i r l  cup in j ec to r  and 500' R hydrogen, 
A last and most important t op ic  that I would l i k e  t o  mention b r i e f l y  
i s  r e l i a b i l i t y .  While much a t t en t ion  has been given t o  t h i s  subject over 
t h e  past  f e w  years, it must be recognized at  t h e  outset  t h a t  our fu ture  
r e l i a b i l i t y  requirements, pa r t i cu la r ly  for manned space f l i g h t ,  exceed any- 
th ing  demonstrated so far or obtainable by our current development processes. 
In  a very real sense, t h i s  matter of r e l i a b i l i t y  i s  of overriding importance 
f o r  space-mission equipment; fur ther  because only a few models of each type 
are b u i l t  and used, t h e  usual s t a t i s t i c a l  approach t o  r e l i a b i l i t y  predict ion 
becomes meaningless. 
Re l i ab i l i t y  goals are, of course, established ea r ly  i n  t h e  planning of 
any program with representat ive values being of t h e  order of 90 percent for 
mission success and perhaps 99 percent for crew survival  - and thus  starts 
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the  numbers game. If t h i s  goal  of 90 percent r e l i a b i l i t y  i s  t o  be divided 
among t h e  several  stages of a complex system, a required value of perhaps 
98 percent for each s tage i s  obtained. 
t h e  thousands of components produces a required component r e l i a b i l i t y  of a 
decimal point followed by a long s t r ing  of nines. And yet, w h a t  meaning i s  
t h e r e  t o  t he  statement that a pump, a valve, or a thrust chamber must have a 
r e l i a b i l i t y  of, f o r  example, 0,999? It would have t o  be t e s t e d  a thousand 
times t o  demonstrate tkris r e l i a b i l i t y  and then it would have been done only 
once. 
Dividing t h i s  s tage  r e l i a b i l i t y  among 
Although these  r e l i a b i l i t y  analyses are of importance i n  ident i fying 
t h e  most c r i t i c a l  features of a system, i n  laying out the i n i t i a l  design, 
and i n  es tabl ishing proper redundancy networks, other elements of relia- 
b i l i t y  must now be given increased emphasis. 
i l l u s t r a t e d  by the  public record of NASA experience i n  the last 3 years of 
launching satell i tes and space probes. A gross summary of t h i s  r e l i a b i l i t y  
record, divided in to  two broad categories of spacecraft  and launch vehicles, 
is  presented i n  f igu re  11. 
as compared with t he  launch vehicles i s  at once apparent. 
One such element i s  dramatically 
The d i s t i n c t l y  superior record of t h e  payloads 
This difference i n  r e l i a b i l i t y  between t h e  payloads and t h e i r  launch 
vehicles  cannot be a t t r i bu ted  t o  a greater complexity of t he  launch 
vehicles.  In fact ,  t h e  payloads can be shown t o  be from 1 t o  2 orders of 
magnitude more complex than a launch vehicle on e i ther  an "act ive element" 
or  a "functions performed'? basis. An addi t ional  point of i n t e re s t  i s  that 
most of t h e  vehicles  chosen t o  car ry  expensive payloads have had a r e l a t i v e l y  
long h i s to ry  of p r io r  f l i g h t  tes t ing ,  whereas the payloads themselves were, 
i n  many cases, being exposed t o  t h e i r  f irst  f l i g h t .  
In s p i t e  of th i s  long f l i g h t  history of t h e  launch vehicles, t h e  over- 
a l l  r e l i a b i l i t y  improvement over t h e  4-year period has been small and appears 
t o  be approaching an asymptotic l e v e l  of about 70 percent. Effect ive relia- 
b i l i t y  improvement act ions require  an in t ima te  knowledge of how and why 
failures occur, as w e l l  as a knowledge of performance parameter var ia t ion  
on successful trials. Here, t h e  payloads c l ea r ly  have had the advantage. 
Since they  are of r e l a t ive ly  small s i ze  and weight, they  could be subjected 
t o  extensive qua l i f ica t ion  and development t e s t i n g  under simulated launch 
and space conditions. Each payload i s  committed t o  f l i g h t  only after t h e  
most extensive series of shock and vibrating tes t ing,  of thermal cycling, 
of exposure t o  extreme vacuum, of pressurization tests, and of accelerat ion 
loads on t h e  e n t i r e  system. 
We m u s t  now do t h e  same f o r  a l l  of our fu tu re  space propulsion systems. 
These complete space propulsion systems must be subjected t o  t h e  most 
thorough and detailed development evaluation, operational checkout, and 
qua l i f i ca t ion  t e s t i n g  under space conditions that  can be devised. Although 
such a process and the major t e s t i n g  f a c i l i t i e s  that are required may seem 
expensive, it is, i n  t ruth,  t h e  most economical process. With t h e  cost of 
each launch i n  t h e  scores of mil l ions of dol lars ,  it i s  simply not possible  
- 9 -  
t o  spend ef fec t ive ly  enough money on the ground t o  o f f se t  t h e  cost  of a f e w  
launch fa i lures .  Also, beyond the  purely economical argument is the  over- 
r id ing  need f o r  f l i g h t  success t o  achieve the program cont inui ty  and the  
compressed time schedules associated with our na t ion ' s  present comitment t o  
space exploration. 
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